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With the help of nanoscale materials like carbon nanotube (CNT), there is the potential to develop
new actuators that will provide higher work per cycle than previous actuator technologies, and
generate much higher mechanical strength. In this study, the electrochemical actuation
characteristics of nano carbon materials were experimentally studied to develop electrochemical
actuators. The electrochemical actuators were composed of aqueous NaCl electrolyte and their
actuating electrodes were made of multi-walled carbon nanotube (MWCNT)/polystyrene
composite and graphene respectably. Actuation is proportional to charging transfer rate, and the
electrolysis with an AC voltage input has very complex characteristics. To quantify the actuation
property, the strain responses and output model were studied based on electrochemical effects
between the nano carbon films and the electrolyte.

Key Words: Carbon Nanotube (Ef4Lt 5), Graphene (Z12f!), Electrochemical Actuator (X7|-3}2tA &)
Artificial Muscle (2! 32 &), Nano Smart Material (Lt'c X| & 2XH), Nano Composite (Lt =& 2)

1. M2 oj¢} o] T AMEA EAHE Ad FE7I
of ML AEEHI glon ol A9 FAd=

A FERAE WA AqUAY A7-E0 e Ao An4e AW we FEAT 4
IUAE FE718 olgstel AA ouAdz ¥ mHom & TEWUNE wolt S5 F4 $4
Fahs gl olel@ FEFANE 229 2R, 5AL AW TE/19 Aol B ATAE Aol
DRE AW 290K, Y% FE FA L vele o oA 2 =AH AAZ dolelrh @A ol
FE7) Bol wAW EE x2d PEARA P @@ TE/Y SAT 2] Ase] vhe A%
A% S8l JbeRnm we ATt olFoldn 3 Hie] AEN FAW v AT B§F A
gtk @ARA Aze Feel FEI) AEels 53 Aws FEAY AT G4 vhe /&9 o
SAA, B4V FE L ole AEAH AP F PR AT ABHDL doh @AAA AR o
2 o] g3 FEUIF AU Ha 9o o] & 9] H Yx AZRE FTAAA A Y FE (carbon
<& B AEes mlud @ AAARD A77F nanotubes, CNT)= H2b9 3] B Tragol
o014 e AL flE A%Y FEE AW 7 AR



ol

t2Ry st x| A 28 113 pp. 1251-1258

November 2011 / 1252

iih)
it
>~
=
o
=2
o,
rlo

GFA7Ia o] S ol
M2 75719 7N

3t aFdAE CdS
gl el 2 Aol 1999
Baughman ©ll &J3}e] CNT ¢ H3ld& &8 A
2E 78712 A7 LGxHIT o FEle o
d® B U FH(Single-walled Carbon Nanotube,
SWCNT)E Z&3to] Azg 258 A58 Hdal
A el g F o7l 75 HdES 7tekA =W
AN ol A7IES2 Qs o]2Ee] AyAFH
I o] AAE o]0 CNT M=ol F&3sle] wHA
el A%s =94 A59 F3 ®sd g
€ AN dFE ol &3Iqlth o] CNT
7= V1] TEIRG w2 2v oldke] e
2 FEol 7beEtn 02% ol W 3 15Hz
Az &5 9 52 HY 43 F+5 adfs
=

Ol > o O
2 o

>
Y

N

B =

o,

32

o

©

®

my

rlo

N O oo o Jm oo 1 AN

[m
Py

HT 50] ONT 9 AuF 545 Ay 2
A &8 dAPE FHIT] st 1
B v Al e dig A3 2
Ha ok aelde ONT 9 AHE 1
T g waEo] 2 Ao hgH AW
= 1 TPa 9 ®HIAIF(Young’s
modulus)$} 130 GPa e 5 $53 Aad A2
AYar Qs ek ojy, vx Alge) 2§
A 7154 A5 2 &8 Fgo] CNT Rt
SRR 1 &8 AF7E & o]Fo Ax
it kA 71E9 ONT F5 ATE 7|22 1
TEARE YRR A W7seE 57
AF7F AP o o]Fo] Har kM
mElA] 2 = AE

[e)
o
Bor4 54e AU 9o FF 95 ool

O

dgEE B Uk ARE 7WoR e FE7]
4 BL o] 1 54 Aved

oA B2 ATt ol FoXl vFY ' v
2 (Multi-walled Carbon Nanotube, MWCNT)&= 12
B9 B82 Hol7l Al Rzt AU F
oo TE 54 nAAAT. 2T AAAE
AgA A= A5 s e 2HE FE
g 72 Azd &5 FF 54 Avno) A5
A5 obd B 7] #H o] H(bucky paper) & E]E
Agstel 5 A9 AU oA e v
z st = dH Gl

oE FEole %9 geleh. 1
Pu @A vhe $E79 olsh #ld
54 A7 A aFAA o)Fol Ax A @
omz wa e PE/Y FE B 4YL 9
@ 712 49 Adastar.

=

2 75719 AL T+

TRl A7tE AS fA WMo o]Foxof &}

A= ¥ U (Polystyrene, PS)<

7) A A F(matrix) 2 A8l MWONT & A7)
pzs
2)

100% CNT 2 ®FEojxl dhdl e 17| 7 o]
HE o] &3 FEAT AL MM ONT YA
ol W7l HAolH oA ofgt #xp7kel AFHEl
|2 W (Van der Waals) 3 2.2 9F & & o9l
oo 7 ZFx7b st FE Al o wkEA
ol Mgo) vz 2@ Fdz2 44 42 + 9
WA, ONT B3A8E 714 A9 stz 43

of olft we BES FAL FANA & ol
ey vhe RHeh Jl4Asge] AgEAE U
= B AAE 2L A71H 4o 2 o

qalAE Ve HFASE ok HE 3
THT. SWCNT & A5 54l MWCNT Rt}
HAYrE 1 F5EA IA e ofd e 1
VAol arloln® ol5 &3 I 8o 2
2 AFolA= CONT
T5719 ¥8H 8-S $18te] MWCNT & ©| &
54 AT



YU SSE X M 28 # 113 pp. 1251-1258

November 2011 / 1253

HoApAe] A7 e] SWCNT 9
‘)F detns U FHEO| 7
x{zﬂﬂ,] T8 glo] &4 Yz wa Fo=w
oz W7l HolHet e vx
7" Ha Ame Alzfe] oyt uw
= S5EAEE MWCNT < 4%
714 Amz ZEste] e ol
MWCNT /PS 0.5 wt% 8= A58 A28k}
B v B3 AAE Azet] flsiA e 7]
AR AE7F w2 A FeE Hojof FH A
9} &3to] JlEstmRE PS & U fudXEEo}
"] = (Dimethylmethanamide, DMF)& ©]-83}¢] &3]
A AT PS 2] 9 DMF o= 0}*1]5(Acetone)3ﬂr
e &l EEF/PO]E(Methylene Chloride) & <]
Alokell 2k &3] AW o] waA v &

1. Nano composite

MWCNT

(Hanwha

\| Manotech,
h CM-250)

Ultrasonic
homogeniz
er

- working

frequency v
20kHz

- Room 2. Dispersion of MWCNT
temperature into PS / DMF reagent
- Ultrasonic
power
450W v
- Lever size
D15

- 2 hours

3. Vaporize the DMF
reagent

v

4. Removing void in
mixture
-Room temperature
with 70ecmHg for 10

min w

5. Casting into silicon
mold

2

6. Curing
- 80°C temperature

v

8. Demolding

Fig. 1 MWCNT / PS composites fabrication process
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Fig. 5 Nano carbon electrochemical actuator and its
schematic actuating mechanism



FSEUSSE A M 28 # 113 pp. 1251-1258

ol

November 2011 / 1255

2
-4

@9 1o ok N 1

B Uk W7)EEE F57)9
% 75 WIS Fig. 6 3 o] 4
Azt AZFstt. 75719 T
I A7 (HP 33120A)E ©] &3
Ath oluf MWCNT/PS =34 AT
Aol AuR AfE YA Ar|EsE ST
29 S 9dtels o] eFHER <
TE AHEEE 2 TAZI(TREK Inc., PZD
700)2 F7FZ o] &3lo] 80V o TEF AUYS AA
st FE AAL gahude FE7] A3 FE
He= dolx W &4 FX|(Keyence LC2400A,
LC2450) & ©o]&3te] FHAsom, S4E w9
#He AEEHE Adgew 3
o] FAHoZ AF3

> A

off

=

0
rlo o & [ oX,
2L N

o off

jui)
o

1)

s

o
—

fu
riet
2
QL
2
to
>
il
[
K
[H

B Uk A2 7Hke] AV EEd s E
MWCNT/PS E3A 59 agdoz A|2E
=2 HSuEFE & Hdadd "o
AC TS b & F O FE HeE =
oz 54& 48

g 7 & MWCNT/PS 324 #o
1Hz 5V ¢ 7&3 T39S adst 2g7]el <l

oX Hob 4 ox

Laser dhsplacenent

Fnnetion meter senzor

et loscope
aenetator

condre]ler

bt o Laser
acttor

emnter
electiode

Jugnecus
electrolvter Naily dizplacement
eter sensol

Tiendd
Fig. 6 Experimental setup for nano carbon actuation in
aqueous electrolyte

ojuf ALY F& E=etol
AN, deld WA= TE

o
of lshs FHAtoR gt
A %

|

=

rr

g

=

©
E’ g
o
off

a2 o
Ruiiit)
(T V< )

Al
o

2
)
[
2
S
I
QL .
Mo R e ©

o

4
T
=)
L
4
=
T
\.N
wn
<
1o
-
ot
%

oft
)

o
o ’
R orle
)

o

I, H
o,

P 2

[

o M
@ £ o
)

4
f o
(B 2
Ho M
3 e
o 2L
v g
e
2

o
2
off 2 iy

B Bl
Jzi
ofy
>
_°|l’,
X
o
ofN ©
_0|L
32
v

°
ke
b
>
N
=
[
N
tob
Lo
414
-
oft
N
Lo
of

o
[m oo

D
2L
&
fulyls
ro

[>

2oz
A
£ o 2o
N
St fo
o
2
-
offt ¢
o
o
N, o
T
ofl
ol
o
2

o
fu

A

o
N,
o
ol
oL
£

o
1l
2
A
s
)

e

=9
1o
o

(2o
25
O
= %
1o o
MRS
o ol
o
L g
r_)i oy
N o
oo
J?—‘U of

e Ay ol off it nZ ot
offt 4, i " .
— do
i
X
N

- ol

+

1

o
At

Oscilloscope outpot
Laser displacement meter sensor output

1o

o

Amplitude [V]

=]

i i i i
1 15 2 25 3 35 4 45
Time [zec]

Fig. 7 MWCNT/PS nano composite actuator displacement
output



=P USSR X M 28 ¢ 1= pp. 1251-1258 November 2011 / 1256

waA A e dHol dasity webA Baughman o(t)
g5 ool ok T AT wAH £ =a-C V)+—= M

1
Ao A Al d U &4 U gAREY 2EFR]
B4 AUE B el ATHAUE VL a0 v 209wy 2EdS PE 28
Akl A 2EYQlS T wR AMAWS T g o zgame AaA waE oY ¢ =
AT Tl A= AdSske] Al7lel ofsto] 2] TEEU] o]Lo] EHE 4 9 SHolmz T
= A7sEd  olFS A AIE (Electrochemical = gz Aud 54 2 Aade] TR En
Double Layer Capacitors, EDLC)%ll &% %= A} Zo olste] AAE 4 Q= wjA] WEEA o]
oﬂ H]ﬁ]—‘ﬂ":}—ﬂ _-7_;(3;]9};}‘19 EE§_ ﬁﬁﬁgﬂ %:L:_ EH@' B ;gz]_@, %O] :ialg_g]_q_ o‘(t)li %%7]
St TEASY ARk BHEHES SHATE L oo i R
2 AAsE TEole MeE EoAATT w ;}o‘]?j_;gzx]?l\_ sHolal, E & FEAFe vA A
S B oATAE B e AR FEY 34
el elel @ Py WA AAUSE AR ge mywe aTaes. gFer o 7579
A71steba mag] oEeta glom® 7] AE ) A A Qoo E = rEgo 5|2k T
3 e S8 sHolE e erhy wdu jii ng;j}; tﬁf’iﬁ [f%“ ;g;‘g’ :ﬁj}aj
obA L AAAR TERHe AT mHjg 27 J—,‘;ﬁ]% AR ow FHE A77 A" oA
ojth. wehA B AFNANE VAT T2 A olth, EhALU Yy LEV|= ZFEA ol A Lk
AH SEATE 9% 2d" IS et o4 AAA Qe Wwonz LALdAR HAW
< gl 7y A V;/\E’]_%_ 44l A (cyclic voltammetry)s ©]-&38 A=A 43 4
A L2 Hast Do adspad 3 BAol avHETh webd g5 2@ 7luel
el Tee A AU AL e gaame ot Awe) 7E AFe) 540
of Fiel MiElshE SAS Helal Atk °lF ¥ 4o e g1e 240w olse] 20l 44
TE717F AAHERE FFHE oo T57]Y NAGAR AN Ea EA uust F@w A9
xde &9 g2485 stHA F5 59 14 o]t} 1#]AE CNT o Hl5le] ¥ Aazm A
S AT WAYF 2AE st 7] Wi UL wo] 1 EAo] ©rsnm As|sEA T
ojty. 3 T Aste] 7taldl s ZEI A9 = Aq=o] Ao $ad Aoz doale] Hl
Aol HAAZ Atolol= EDLC 7} A ™ o]9
A% (reservoir) TS FYP3ta onZ FF 4, dE
L5 AHEFE o] FAHE(C)S DT &
AZF ek wEks e rledA AL 5 Qs o =idAe eSSy 22 7579
2EYU R ()2 ARt A ti(time domain)oll A Tha-3 S 9ty ©@A Uw A4 7Rk Av|sekE 3
Fe md FHY F S et 719 BEAS AFstadnh ol& flste dAA o
= 73 #HEste] B2 A7 o] oA U=
" R — CNT & ZJ5thn] 7k 0] -3 MWCNT & &
i Leser displaterient etefisensat outpi A=oz s 8t7] flste] #FA4de Ad Ps 7]
' el BgARE Agsgor, AT Bl we
FES B e B Y 2Ad aEe A
= 71884 5 EAS 784 dald BAA A
A ol% TEIE TFEWIL A Ak
i ey FAS FEFORN AR T
719 M ThsEE HAFIT FFdde o
TE719 &9 = FEo wE 2EY Wst
gL N BN B T As B Fag st wE 2EY Ws)
R 1 D Fol ARAL A7 AW Aol FF o
Fig. 8 Graphene actuator displacement output A& 7vke] G5 HASAE9 CNT 7|¥ke] F-&



November 2011 / 1257

Aol E4ol AZ theE Ade] EHOE sl
A9 AR AT AWe 5@ 54 vt
S Aol AW ONT o wate] W=
ARE ALAAE Ad @S9 S o
st 5 AT el fed Ao oy

o] =t}

BT gl Ba e FEE e 2
718 2AE Ao ARHER e 27de
T2 Aot A5F
FE/)E e A 7
g A F Yoz 3

A

Ao ZdEH

LJ Ao ﬂ:’i‘i ?571
% MEMS % Lh

Qi

o
o 3

X

b

g

_%

gl o 4% TEYY U T WS 2% 5
g Aelth % Bol AUz Wil 94W Ba
G 7R OF A 2R 98 9852
94T 5 gom i vhe FEI9 47 4E
2 /weR @ Pud TE/E 4942 AUn
9 e ol QA 2HFs Lol BeE
550 7]o] 77
[e) =

= T

HEH
1. Son, Y., Takemura, K. and Park, S., “Development of

multi-DOF Ultrasonic Motor Using PZT,” Journal of
KSPE, Vol. 27, No. 4, pp. 53-62 , 2010.

2. Tiem, M. T., Kim, J. H. and Goo, N. S., “Design of a
Piezocomposite ~ Generating Element and Its
Characteristics” Trans. of KSME A, Vol. 34, No. 7,
pp. 867-872, 2010.

3. Lee, K. T, Kim, J. S. Kim, H. S. and Ahn, S. H,,
“Design and Fabrication of a Smart Flexible Structure
using Shape Memory Alloy,” J. of KSPE, pp. 789-
790, 2011.

4. Lee, S. W, Chung, D. K., Song, K. Y., Kim, H. and
Chu, C. N., “Manufacturing of Shape Memory Alloy
Actuator using Wire EDM,” J. of KSPE, pp. 149-150,
2010.

5. Koh, J. S., Jung, G. P. and Cho, K. J., “Development
of Biomimetic Gripper Using Shape Memory Alloy

10.

11.

12.

13.

14.

15.

16.

Coil Actuator and Composite Materials,” J. of KSPE,
pp. 591-592, 2010.

Kim, S. W., Noh, M. K. and Cho, K. J., “The Flea
Inspired Small-scale Jumping Robot with Composite
and Shape Memory Alloy(SMA) Spring Actuator,”
Proc. of KSPE Autumn Conference, pp. 193-194,
2010.

Kim, S. S., Ki, S. J,, Song, H. D., Kim, H. L., Oh, L.
K., Yang, S. M. and Kee, C. D., “Development of
Bacterial Cellulose Actuator using Conducting
Polymer,” Proc. of KSPE Spring Conference, pp.
287-288, 2011.

Oh, I. K., Jeon, J. H. and Wang, X. L., “Biomimetic
Polymer Actuators and Their Applications,”
KSME Spring Conference, pp. 57-60, 2009.
lijima, S., “Helical microtubules of graphitic carbon,”
Nature, Vol. 354, No. 56, pp. 56-58, 1991.
Baughman, R., Cu, C., Zakhidov, A., Igbal, Z.,
Barisci, J., Spinks, G,, Wallace, G., Mazzoldi, A., De
Rossi, D., Rinzler, A., Jaschinski, O., Roth, S. and
Kertesz, M., “Carbon nanotube actuators,”
Vol. 284, No. 5418, pp. 1340-1344, 1999.
Gao, M., Dai, L., Baughman, R., Spinks, G. and
Wallace, G., “Electrochemical properties of aligned

Proc. of

Science,

nanotube arrays: basis of new electromechanical
actuators,” SPIE, Vol. 3987, No. 18, pp. 18-24, 2000.
Roth, S. and Baughman, R.,
Carbon Nanotubes,” Current Applied Physics, Vol. 2,

No. 4, pp. 311-314, 2002.

“Actuators of Individual

Spinks, G, Wallace, G, Fifield, L., Dalton, L.,
Mazzoldi, A., Rossi, D., Kharyrullin, I. and
Baughman, R., “Pneumatic Carbon Nanotube

Actuators,” Advanced Materials, Vol. 14, No. 23, pp.
1728-1732, 2002.

Fukushima, T., Asaka, K., Kosaka, A. and Aida, T,
“Fully Plastic Actuator through Layer-by-Layer
Casting with lonic-Liquid-Based Bucky Gel,” Angew.
Chem., Vol. 44, No. 16, pp. 2410-2413, 2005.

Torop, J., Palmre, V., Arulepp, M., Sugino, T., Asaka,
K. and Aabloo, A.,
actuator with carbide-derived carbon electrodes,”
Carbon, Vol. 49, No. 9, pp. 3113-3119, 2011.

Lee, C., Wei, W, Kysar J. W. and Hone, J.,
“Measurement of the Elastic Properties and Intrinsic
Strength of Monolayer Graphene,” Science, Vol. 321,

“Flexible supercapacitor-like



ror

H2

JUSSX M 28 ¢ 113 pp. 1251-1258

November 2011

/ 1258

17.

18.

19.

20.

No. 5887, pp. 385-388, 2008.

Xie, X., Qu, L., Zhou, C., Li, Y., Zhu, J., Bai, H., Shi,
G. and Dai, L., “An Asymmetrically Surface-
Modified Graphene Film Electrochemical Actuator,”
ACS Nano, Vol. 4, No. 10, pp. 6050-6054, 2010.
Liang, J., Huang, Y., Oh, J., Kozlov, M., Sui, D., Fang,
S., Baughman, R. H.,, Ma, Y. and Chen, Y.,
“Electromechanical Actuators Based on Graphene
and Graphene/Fe;0, Hybrid Paper,” Adv. Funct.
Mater., Vol. 21, No. 19, pp. 3778-3784, 2011.
Mazzoldi, A., Rossi, D. D. and Baughman, R.,
“Electro-mechanical behavior of carbon nanotube
sheets in electrochemical actuators,” Proc. of SPIE
Vol. 3987, pp. 25-32, 2000.

Barisci, J., Wallace, G. and Baughman, R.,
“Electrochemical studies of sing-wall carbon
nanotube in aqueous solutions,” Journal of
Electroanalytical Chemistry, Vol. 488, No. 2, pp. 92-
98, 2000.



